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In this paper three problems are discussed. First, the resolution 
of a complex 2-vector .V/, in space of 2 p dimensions into the sum of p 
mutually completely perpendicular simple 2-vectors or planes. It is 
shown that this can always be done and is in general unique. But 
if M satisfies certain product relations the resolution can be effected 
in an infinite number of ways. In four dimensions this relation is 
equivalent to saying that M is what Whitehead ! calls self-supple- 
mentary. In this case the resolution can be effected in ~? different 
ways. 

Second, the application of the preceding to show that a rotation in 
a space of 2 p dimensions leaves p mutually completely perpendicular 
planes invariant. In general these are the only invariant planes. 
But in case the rates of rotation in the p invariant planes are the same 
or differ only in sign there are an infinite number of invariant planes 
which can be arranged in sets of p which are mutually completely 
perpendicular. In 4-space in case the rates of rotation in two com- 
pletely perpendicular invariant planes have the same magnitude 
there are ©? invariant planes which are completely perpendicular in 
pairs. 

Third, the consideration of the variety |’, left invariant by all the 
transformations leaving the same set of p planes invariant. It is 
found that this variety is of order 2?. The path curves are curves of 
constant curvature and first torsion and are geodesics on V’,. The 
centers of curvature of all the path curves that pass through a given 
point lie on a sphere of p-dimensions having the given point P and 
the point of intersection O of the p invariant planes as ends of a diame- 
ter. Through each point pass 2” path curves which are circles having 
O for center and OP for radius. The variety V’, can be developed on 
a plane space of p dimensions. 


1 A treatise on Universal Algebra, page 292. 
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The only papers that I know of bearing on rotations in hyperspace 
are given below: ? 


1. Introduction. In terms of the Gibbs Vector analysis an 
infinitesimal rotation in three dimensions can be expressed by the 
formula 

r =r+axrdt, 


where a is a vector along the axis of the rotation and r is any vector 
through the fixed origin. If the rotation is considered as parallel to 
a fixed plane determined by the vectors 6, c then it can be represented 
by the.formula 


r = r+ (bxe)xr dt. 


By the Gibbs definition of the cross product (a vector perpendicular 
to the plane of the two vectors and of magnitude equal to the product 
of the lengths of the two vectors into the sine of the angle between 
them, so arranged that the three vectors b, c, b x c for a right handed 
system) this last expression is equivalent to the first. If we wish to 
extend this to higher dimensions we cannot have a form equivalent 
to the first since the cross product of two l-vectors cannot be con- 
sidered as a 1-vector as, in that case, two l-vectors do not uniquely 
determine a l-vector. We will then have to start with a new set of 
definitions of the products. It must be kept in mind that we may have 
vectors of different dimensions as 1-vectors, 2-vectors, 3-vectors, etc., 
of one, two, three, etc., dimensions. I shall here use the vector 
analysis already set up by Wilson and Lewis.* 

The cross product of two-vectors extending from the same origin is 
defined as the parallelogram defined by the two vectors. The product 
is then a 2-vector. The magnitude of the product is equal to the area 
of the parallelogram. Similar definitions are given for the cross 


2 F. N. Cole: On rotations in space of four dimensions. American Journal, 
12, 1889, page 191. 
P. H. Schoute: Le déplacement le plus général dans l’espace 4 n dimensions. 
Annales de |’Ecole Polytechnique de Delft, 7, 1891. 
Rang geo sui gruppi dei movimenti. Annali della r. scuola normale sup. 
isa, 8, 
E. E. Levi: Sui gruppi di movimenti. Atti dei Lincei Series 5, 14, part 1, 


1905. 

3 Gibbs-Wilson Vector Analysis, page 99. 

4 Space-time manifold of relativity. The non-euclidean geometry of 
mechanics and electromagnetics. These Proceedings, 48, number 11, 1912. 
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product of more than two l-vectors. The dot product of two 1- 
vectors is defined as the projection of one on the other multiplied by 
the length of the one on which the projection is made. This agrees 
with the Gibbs definition of the dot product of two l-vectors. This 
product is a scalar. The dot product of two vectors of higher dimen- 
sion is defined as the vector in the larger space perpendicular to the 
smaller. The magnitude is equal to the magnitude of the projection 
of the smaller into the magnitude of the larger. If the two vectors are 
of equal magnitude this product is again a scalar otherwise it is a vector. 
This definition differs widely from the usual definition of inner product. 
This product is commutative while the ordinary inner product is not. 

We shall choose unit vectors along mutually perpendicular axes 
for our reference system. Let these reference vectors be hy, ko,.. . . kn. 
Then the coordinate planes, 3-spaces, 4-spaces, etc. are 


The dot product of these unit vectors are as follows: 


kick; =1, kik; = 0, J), 

hiv = 0, (7 4D, = 0 (7 

kicks; k;, = ki, 

The dot product of two of these unit vectors vanishes if the smaller 
is not entirely contained in the larger, that is if a subscript appears 
in the smaller which does not also appear in the larger. If the dot 
product vanishes the two vectors are perpendicular. This however 
does not require complete perpendicularity, that is it requires that . 
one vector in one is perpendicular to the other while complete per- 
pendicularity requires that every vector in one is perpendicular to 
every vector in the other. To obtain a vector completely perpendicu- 
lar to a given vector we must resort to the complement, which for 
unit vectors is defined as the vector obtained by taking the dot product 
of the given vector with the pseudo scalar.° Throughout this paper 


5 The pseudo scalar is defined as the cross product of all the 1-vectors 
arranged so that the value is unity. Thus in 4-space the pseudo scalar 1 is 
kixk:xksxks = Rivas. 
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the word perpendicular shall be used to mean complete perpendicu- 
larity. 

The formular for the reduction of the various products of 1- and 2- 
vectors are, 


(1). a-(bxe) = (a-c)b — (a-b)e 

(2). (axb)-C = a-(b-C) = — b-(a-C) 
(3). ax(b-C) =(axC)-b — (a-b)C 

(4). (b-C)-A= — b(C- A) + C-(bxA) 


where a, 6, c are 1-vectors and A, C are 2-vectors. 


Now having these definitions an infinitesimal rotation ® parallel to 
a fixed plane M; is defined by the equation 


r=r+M,-rdi. | 
The length of 7’ is equal to the length of r._ For 
rer = rer + 2r-(M-r)dt = r-r 


The product r-(.M,-r) vanishes since M,-r is defined as a vector in 
M, perpendicular to r._ A general rotation can be considered as made 
up of rotations parallel to a number of independent planes. The 
equation for such a rotation is 


rP=r+(M,+ Mo+....+M;)-r dt. 


The sum of k, simple plane vectors is a complex’ plane vector or 
2-vector. Therefore we may write the rotation in the form 


(5) r=r+M-rdt 


where M is a complex 2-vector, that is, is not equivalent to a simple 
2-vector. The canonical form then which (5) may take depends on 
- the form in which M may be written. Then we shall first show that 
M can always be resolved into the sum of p mutually perpendicular 
planes if we are working in a space of 2 p dimensions. We first 
consider the cases of four dimensions and five dimensions and then 
generalize to space of any number of dimensions. 


6 A rotation is defined as a rigid motion leaving one point fixed. 

7 Plane vectors in 4-space, for example, are analogous to lines in 3-space. 
We know that the sum of two lines is not a line unless the lines intersect. 
The same is true of plane vectors, their sum is a complex or complex vector 
unless the two simple plane vectors have a line in common. We shall use 
complex as equivalent to complex vector. 
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2. Complex 2-vectors in 4-space. Let k, ke, k3, ky be four mutu- 
ally perpendicular unit vectors. Then any l-vector can be expressed 
as a linear function of these four and any 2-vector (simple or complex) 
can be represented as a linear function of the six coordinate planes 


ky; = k Thus 
(6) M = + aishis + aishis + + + 


From this equation we have at once, A complex 2-vector can be resolved 
into the sum of two simple planes M, and Mo, one passing through an 
arbitrary 1-vector and the other lying in a 3-space perpendicular to it. 
For let 

M, = + + aishis 


This is a simple plane since it is the sum of three simple 2-vectors 
having the vector k; in common. As we could choose for /; a unit 
vector in any direction, this plane can be made to pass through an 
arbitrary l-vector. Then let 


Mz = argk23 + + 


This is a plane since it is the sum of three simple plane vectors which 
lie in the 3-space determined by kp, k3, ky. This 3-space is evidently 
perpendicular to /; since ky: (koxk3xky) = 0. (If we did not confine 
ourselves to a rectangular set of axes this 3-space would not necessarily 
be perpendicular to /,). We can then write 


M=M.+™.. 
The condition that M be a simple plane vector is 


MxM =0 


For, 
MxM = (M, Mz)x(M, M2) = 2M.xMso. 


In 4-space the cross product of two 2-vectors is a scalar and if this 
product vanishes it signifies that JJ, and M; lie in a 3-space and con- 
sequently MM, + M, can be expressed as a simple plane vector. 

A complex 2-vector can a'ways be reso'ved into the sum of two simple 
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2-rectors, one of which is arbitrary. For, let A be any plane vector, 
then M—)A will be a simple plane if 


= MxM—2) MxdA = 0 


2MxA 
and we can write 
MxM MxM 
M = — A Me 
2MxA + ( 2MxA ) 


We shall now show that the complex 2-vector can always be re- 
solved in at least one way into the sum of two perpendicular planes. 


Let 
(8) M = mM, + mM 


where M,; and M2 are completely perpendicular unit planes and m 
and m2 numbers. Then indicating (MxM)-M by A we can write 


(9) A= (MxM)-M = = 
Solving (8) and (9) for M, and M2 we have 
A 
2me2(me” — 


(10) 
— A 


— mo) 
The values of m; and m can be computed from the relations 


M-M = m? + m2? 
A-M = 
From which we get 


m= 


Moe 


If m; + mz the solution (10) is unique.® If m; = the solutions 
become infinite. From (9) we see at once that this relation means 


8 For the non-euclidean geometry considered by Wilson and Lewis this 
resolution was unique since in that case the denominators contained the 
factor m,? + m,? instead of m,;? — m.?. 
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that A = = M or the complement of MV is +M. (From the defini- 
tion of complement, the complement of MW is m2M, + mM2). If we 
indicate complement by * we have the relations for 4-space. 


Then if a complex is such that ./*= + JM it can be written in the form 
M = (ayhky + + ayakis) (aishsz + + aighs4). 


The expressions in brackets are completely perpendicular planes and 
in this case we have a resolution into completely perpendicular planes. 
Hence: A complex 2-vector can always be resolved into the sum of two - 


completely perpendicular planes. 
' By a proper choice of axes VM can be written in the form 


M = + 


and if J/* = + M the above resolution is not unique. We shall now 
proceed to investigate this case. We saw that a complex could always 
be resolved into the sum of two planes one of which was arbitrary. 
Let the arbitrary plane be X and write 


M=X+K. 
If r is any vector in X, consider the transformation 
P=rM=erX+r-K. 


r-X is a vector in X and if r’ also lies in XY, r-K must vanish since Y 
and K have no vector in common. But since r was any vector in Y 
the vanishing of r-K for all values of r means that K must be com- 
pletely perpendicular to XY. Hence the resolution of .W into the sum 
of two perpendicular planes resolves itself into finding the planes left 
invariant by the transformation r’ = r-M. We shall therefore find 
the planes left invariant by this transformation. 

The invariants of this transformation are more easily found by 
expressing it in the form of a dyadic. From formula (1) we have 


re(kij) = — 


which can be written as the dot product of r into the dyadic kjk; — 
kik; The transformation 
=rM 


then takes the form 


ar 
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(12) r’ = r+ [my (kek, + mo(kaks Ksks)] = r-P 
mi(kok; — kyke) + mo(kaks — 


If m; * mz the only 1-vectors left invariant ® are 


where 


= tho, ks + 


For if r = Ayky + Aoko + Asks + Aska, 
r = r-h = — + mrdcki — + 


and if this is to be equal to ur 
(13) Miro = pA1,— = Ag, = = 
which can be satisfied only for the values 
Ao = A3 = = 0; Ar = Ae = 0, AQ = 
If m, = me we see that (13) is satisfied by any vector of the pencils 
hey + tke + + tha), hy — tke + — tha), 


that is these vectors are left invariant for all values of \. If m,:= —ma, 
the pencils 


ky + the + As (hes tks), ky — the + + ths) 


are left invariant for all values of X. 
If we apply the transformation twice, that is 


r=rd, r’ =r -h= (r-b)-h 
assuming the above form for r we have 
= + — me?(Agks + Aska). 


If m = =m: r” is a multiple of r and if m, = +m, = 1, the trans- 
formation repeated twice is a reflection through the origin and of 
course repeated four times is the identical transformation. These 
are the only conditions under which the transformation will close. 
Hence the necessary and sufficient condition that (12) be of finite order 
is M, = =m. or M* = +M. In this case there are two pencils of 
invariant vectors while in the general case only four vectors are left 
invariant. 

In order to find the 2-vectors left invariant by the transformation 


9 Invariant here means that 7’ = ur. 
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we will express ® in terms of planes (2-vectors). This is done by 
means of the double product of Gibbs:!° If 6 = = &;/; is a dyadic 
which transforms l-vectors into l-vectors then ®x@ = (k;xk;) 
(/;xl;) represents the same transformation expressed in plane coordi- 
nates, that is a transformation which transforms planes into planes. 
To show this let r and s be two l-vectors. Then the plane rxs is 
transformed by ® into (r-®)x(s-®) which can be written 


r'xs' = (r-®)x(s-@) = 5[(r-h)x(s-h) — (s-@)x(r-B)] 

— (shy) (r-kp 

(rxs) 


If @ is the dyadic used in (12) 
Then 
(15) v= = + + + 
— — 

If 
P = La ij hy; 
be any complex 2-vector 


= + — MymMedek14 — + 
+ 


and if P-W = dP we see that this is satisfied by the planes fy and ks, 
and by the complexes 


ai3(kis + + hog) ; + + hog). 


These complexes satisfy the condition for all values of a3 and aos. 
The invariant planes will then be ‘1 and /34 and the planes belonging 
to either of these pencils of complexes. These last named planes are 
obtained from the values of a3 : a4 satisfying either of the relations 


[ai3(Ais + ko4) + hog) |x[ay3(his + hos) + ko) = 0 
[ais(his ko4) + kog)|x[ai3 (his — hos) + + = 0 


_ 10 See Phillips and Moore, Dyadics occurring in point space of three dimen- 
sions. These Proceedings, vol. 53. 
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These give the values aj; = + ta. Hence the invariant planes are 
(16) (Az + hoy) = (his — hos), — frog) hog). 

Now if m; = =m 

(17) Wi = + + hacks + + hoskis)). 
Hence the complex 

(18) P = + = + = 23) 


(Both positive or both negative signs are to be taken together), is left 
invariant for all values of a3, The planes which belong 
to this system of complexes are determined by the relation 


PxP = ayd34 — 3? — = 0. 
Substituting in (18) we have for the invariant planes 
Ky = (ay3? + + = haz) + 
The plane 
Ke = — = ka) — = hos) + (aus? + 


‘also belongs to (18) and is completely perpendicular to K;. Hence 
the planes left invariant by the transformation P’ = P-¥, form a two 
parameter family and are completely perpendicular in pairs. The 
planes belong to a three parameter linear system of complexes and 
so must cut two fixed planes. It is not difficult to see that these are 
the planes (16). The first pair when m; = m2 and the second .pair 
when = We can now write 


34° + + ay 


M = + = (Ki + Ke). 
4 


Hence the theorem may be stated: Any complex 2-vector can be 
resolved into the sum of two completely perpendicular planes. If 
M* #~ =M the resolution is unique. If M* = =M the resolution 
can be made in ©? ways. 


3. Complex 2-vectors in 5-space. In 5-space a complex 2-vector 
M can be resolved into the sum of two simple plane vectors. For, 


© 
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if we express the complex in terms of the unit coordinate planes we have 


5 4 
Ak; == Asjhs; ~ Aik jj. 


5 
M=2 
i,j=1 


The sum 2a;;k;; represents a simple plane vector since each term 
in it contains the vector /;. The sum a;;k;; represents a complex 
2-vector lying in the 4-space determined by hy, he, kz, ky and hence 
can be expressed as the sum of two plane vectors in this 4-space, one 
of which is arbitrary. The plane A = La;k;; will cut the 4-space 
kiko*ks%ky in a 1-vector. Now resolve > aisk;; into the sum of two 
simple plane, B + C and choose B so that it will contain the vector in 
which A cuts the 4-space. Since A and ‘B have a vector in common, 
A + B will be a simple plane vector D and we have M = C+D 
where C and D are simple planes. Neither of these planes can be 
chosen arbitrarily as was the case in 4-space. It follows from the 
fact that a complex vector is always expressible as the sum of two 
plane vectors that it must necessarily lie in a 4-space. This 4-space 
is the same no matter how the complex M is expressed as the sum of 
two simple planes. For, if 


M = M 1 + M, 
where J; and M, are simple planes, then 


MxM = 2M.xM, 


But MxM is the same however M is expressed hence the 4-space 
M,xM, must be the same however M is expressed as the sum of two 
plane vectors. Since a plane vector in 4-space can be resolved into 
the sum of two completely perpendicular 2-vectors the same holds 
true for complex 2-vectors in 5-space. Just as in 4-space if 


M = X(M, + M2) or M = XM, — Me) 


where Jf; and M2 are completely perpendicular unit planes, the 
resolution into the sum of perpendicular planes can be effected in 
co” ways. 

Besides leaving the four imaginary vectors found in 4-space invari- 
ant, the transformation r-M in 5-space annihilates the real vector 
perpendicular to MxM. The products of this transformation then 
with itself can never be equal to the identical transformation. If 
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M = M,; = M2 where M; and Mp2 are unit planes, then the trans- 
formation repeated four times will be the identical transformation 
for vectors in MxM. 


4. Complex 2-vectors in space of 2p dimensions. We shall 
first show that if a complex 2-vector in a space of 2p dimensions can 
be resolved into the sum of p independent simple plane vectors one of 
which passes through an arbitrary l-vector then a complex 2-vector 
in a space of 2p + 1 dimensions can also be resolved into the sum of p 
independent simple plane vectors but in this case no one of the simple 
2-vectors can be made to pass through an arbitrary l-vector. Toshow 
this it is only necessary to write the complex in 2p + 1 dimensions 
in terms of unit coordinate planes 


2p+1 
M=2 ay jky; + p> jh jj. 
1 2 


The first sum represents a simple plane vector since each term contains 

the vector /;. The second sum represents a complex 2-vector lying 

in the space of 2p dimensions determined by the vectors ho, ks, . . keps1 

and therefore by the above assumption can be expressed as the sum 

of p simple plane vectors one of which, A say, passes through the 
2p+1 


vector in which the plane B =D = ajhi; cuts the space in which 
1 
2p+1 
the complex = a;;k;; lies. Then since A and B have a vector in 
2 


common, their sum can be expressed as a simple plane vector. The 
complex M is then expressed as the sum of p independent planes. 
But p independent simple plane vectors determine a space of 2p 
dimensions and this space of 2p dimensions is the same no matter 
how M is expressed. For if 


M = M,+ Mo.+...+ 
Then 
MxMxM...pfactors = p! M\xM2x...xM,; 


and since the first member is independent of how the complex is 
expressed as the sum of p independent planes, the second must be. 
Again, if a complex 2-vector in a space of 2p dimensions can be 
resolved into the sum of p independent simple plane vectors one of 
which passes through an arbitrary 1-vector, then a complex 2-vector 


‘ 
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in a space of 2p + 2 dimensions can be resolved into the sum of p + I 
independent simple plane vectors one of which passes through an 
arbitrary l-vector. For let the complex be expressed in terms of the 
unit coordinate planes 


2p+2 2p+2 
M = 2 a + p> 
1 2 


The first sum is a simple 2-vector passing through hk; which can be 
chosen arbitrarily. The second sum is a complex 2-vector in a space 
of 2p + 1 dimensions and consequently can be expressed as the sum 
of p independent simple plane vectors. Hence the whole complex 
can be expressed as the sum of p + 1 independent planes. We have 
seen that a complex 2-vector in 4-space can be resolved into the sum 
of two independent simple plane vectors one of which can be chosen 
arbitrarily and therefore by induction we have: a complex 2-vector 
in 2p or 2p +1 dimensions can always be resolved into the sum of p 
independent simple plane vectors. 

The condition that a 2-vector in a space of 2p dimensions be simple, 
is 

MxM = 0. 


For if this condition is satisfied then the following relations are satis- 
fied owing to the associative character of the multiplication when the 
order of the whole product is equal to or less than 2p 


MxMxM = 0 
MxMxMxM = 0 


MxMxMx...xp factors = 0. 


The last one shows that the complex must lie in a space of lower 
dimensions and therefore can be expressed as the sum of p — 1 simple 
plane vectors. By the same argument it can be expressed as the sum 
of p — 2 simple plane vectors and so on until finally it can be expressed 
as a single simple plane vector. If M is a simple plane, MxM = 0. 
Hence this is both a necessary and a sufficient condition that a 2- 
vector be simple. 

We shall next show that a complex 2-vector in a space of 2p dimen- 
sions can be resolved into the sum of p mutually perpendicular simple 
planes. Let 


p 
1 


. 
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when J/; are mutually perpendicular unit simple planes and m; num- 
bers. We can-then derive p — 1 complex 2-vectors as follows 


Pp 
A = (MxM)-M = 2imm7M; 
1 


p 
B= (MxMxM)-(MxM) = xk. 
1 


P = (MxMxM...>p factors) -(MxMxM.. .(p-1) factors) 


= plmyme. . ..M_pM x. 


We have then all together p equations to solve for the p plane M,, 
M.,...M,- and the solution will be unique unless these equations 
prove not to be linearly independent, that is unless the determinant A 
of the system vanishes. If we observe how the columns of this 
determinant are miade up we see that it contains each of the m’s as a 
factor. Also if m;= +mj,4=0. Therefore we can write A in the 
factored form | 
A — m;). 


Now if m,; = mm. say, and the other m’s are all different then a value 
of \ can be found so that 
A+ AM 


will lie in a space of 2p — 4 dimensions and by the above argument 
this new complex can be resolved into the sum of p — 2 mutually per- 
pendicular plane vectors. The remaining 4-space will be completely 
perpendicular to the space in which A + AM lies and that part of 
lying in it can be resolved into the sum of two perpendicular planes 
in ©? ways. Hence the whole complex can be resolved into the sum 
of p mutually perpendicular planes in ©? ways. The same argument 
of course applies to any pair of equal roots. If m, = =m = =m; 
the other m’s being all different and different from m,; a value of X 
can be found so that A + AM will lie in a space of 2p — 6 dimensions 
and the part of M lying in this space can be resolved into p — 3 mutu- 
ally perpendicular planes. The whole complex can then be resolved 
into the sum of p mutually perpendicular planes provided the complex 
2-vector in space of six dimensions such that (M=xM)-M = XM can be 
resolved into the sum of three mutually perpendicular planes. Con- 
tinuing the argument we see that the resolution is always possible 
provided that in a space of 2m dimensions in which 


(MxM)-M = \M 


P 
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can be resolved into the sum of mutually perpendicular planes. We 
will now show that this resolution is always possible. 
If the transformation 


=rM=r-(X + K) 


where X is a simple plane and r any vector in X, always gives a vector 
r’ in X then r-K = 0 for every r in X. That is X is completely 
perpendicular to K. Then the above resolution depends upon 
whether we can. find a plane left invariant by the transformation 
r’ = r-M where M is any complex 2-vector. Let 


2m 

(19) M=2 a, jk; 
1 
2m 

and r 


1 
Then if r is an invariant vector we have 
r-M=ur 


which is equivalent to the set of equations 


where the b’s are to be determined. The coefficients a;; are seen to 
satisfy the relations 


0, ayy = —aji, 


Equations (20) being homogeneous will have a solution provided the 
determinant of the system vanishes. This determinant is seen to be a 
skew determinant with each term in the principal diagonal equal to u. 
From the theory of such determinants! it is known that it can be 
expanded in powers of the diagonal terms. The coefficients of the 


11 Hanus, Elements of determinants. Ginn & Co., page 152. 


e 
ub; =Za 1 b ; 
2m 
ube =Za b ; 
. 
2m 
bo = 2 & b ; 
m 2mjY j 
4 
> 
+3 
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various powers of uw are sums of principal minors of the determinant 
in which the y’s are replaced by zeros. That is the determinant can 
be expanded! in the form 


(22) per Aye! +... + Aom = 0 


where A; is the sum of the first minors in which yu has been replaced by 
zero. These minors are then skew symmetric determinants of odd 
order and therefore vanish. For the same reason all the A’s with 
odd subscripts vanish. The coeffcient Ae is the sum of all the second 
principal minors with uw replaced by zero. This is a skew symmetric 
determinant of even order and therefore can be expressed as a sum 
of squares, consequently it is positive. The same is true of all A’s 
with even subscripts. Then (22) has only even powers of wu and all 
the coefficients are positive. Therefore the roots appear in conjugate 
imaginary pairs. This means for M/ real the invariant vectors appear 
in conjugate imaginary pairs. But two conjugate imaginary vectors 
determine a real plane. Hence we have shown that there are always 
m invariant real planes. If equations (21) are not all independent 
there will be an infinite number of values of uw and consequently 
an infinite number of invariant planes. This corresponds to the case 
(MxM)-M = dM. 

Now having determined that in every case there is at least one 
invariant simple plane, A say, we can determine \ so that M — AA 
will be a complex vector lying in a space of 2m — 2 dimensions which 
must be completely perpendicular to A. To determine \ we have 
the relation 


(M — \A)x(M — factors = 0 
= MxM~...m factors — mdA(AxMxM...(m — 1) factors). 


From which 
M™ 


= A 


when the exponents indicate cross multiplication. The same reason- 
ing as used before will show that the space in which M — )A lies 
is completely perpendicular to A. Thus we have established the 
theorem: A complex 2-vector in a space of 2p dimensions can always be 
resolved into the sum of p mutually perpendicular planes. If the set of 
2-vectors A, B,— P of (20) are not independent this resolution is not 
unique. 


| 
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If the 2-vectors A, B, C...P are all multiples of WZ, by a proper 
choice of axes the complex can be written in the simple form 


We will confine our attention to the single case 
(23) M = my 2p) 


and the other combinations of sign can be disposed of in a similar 
manner. The dyadic which represents the transformation r’ = r-M 
is 

and the same transformation expressed in plane coordinates is 


= 


which can be proved by the same method used for the case of 4-space. 
Similarly it can be shown that the complex 


(25) C = apki + + + 
+ — hse) + — hes) + ais(kis +... 
+ — hug) ~ ky) -+.... 


is left invariant by the transformation C’-Y where the coefficients in C 
are entirely arbitrary. The complex will be a simple plane if CxC = 0. 
This gives for the invariant planes, putting a2. = 1, for convenience. 


(26) A = + (ais? + + (ais? + +... 
+ (dy2p-1? + 
+ ais(his — he) + ays(his — hes) + as(his — hog) +... 
+ (14015 — (he35 — hy) + (a13015 — 406) has) +. 
+ + — ka) +... 


Hence ©7”?-? simple planes are left invariant. Then in resolving 
this complex into the sum of p similarly perpendicular simple planes 
the first plane can be chosen in ©*?-? different ways, the second in 
co??-4 ways and so on. Hence the resolution can be effected in 
co *(P-1)! different ways. 

By proper choice of axes the general complex can be put in the 
form 


(27) M = + +...+ M2 
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Then the dyadic which represents the transformation r’ = r-M is 


(28) = — hike) + mss(haks — kaka) +...] 
+ kop-2kep) 


If the transformation is applied twice to the vector r= = b;k; 
we have ; 


r’ = r-@ = (r-@)-G! = 
(Aik + koko) + + keaks) +... 
+ + kepkep)| 


Then if®@ and r are real = =... = = 1 
we return to r after repeating the transformation four times. Hence 
if the complex consists of the sum of p mutually perpendicular unit 
planes, the transformation r’ = r-M will be of order 4. 


5. The Hamilton-Cayley equation. From equation (12) wesaw 
that the transformation r’ = r-M in 4-space depends on two para- 
meters m, and m, and to show the relation of these to the Hamilton- 
Cayley identical equation which ® must satisfy we will change the 
reference system to that of the invariant elements. We saw that the 
invariant vectors were 


+ tho, = 


Now put 
1 
= /2 (ks + ths). = (ks tks), 
Then 
1 
= Gr + r2), ky = — (r1 — 12), 
ks = (rs + r4), (r3 r4). 
The dyadic ® then becomes 


(29) = (rer: — rir2) + me(rars — 


‘ 
| 
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The multiplication table for the r’s is as follows 


= = 1. 
The idemfactor I; becomes 
(30) = ryre + + + 
The Hamilton-Cayley equation then becomes 


(31) (© — (® + im) — + = 
+ + = 0. 


If = =m 
(29’) = im|(rery — rire) = (rars — 
from which we see at once that the vectors 
ar; + ar, + brs 


are left invariant (or multiplied by constants only) for all values of 
aand 6. The Hamilton-Cayley equation in this case becomes 
+ = 0 


In terms of this new reference system the dyadic ® expressed in 
plane coordinates becomes 


(32) VW = = — + + 


+ — — 
The multiplication table for the coordinate planes is 


= = 1, 
and all the other products are zero. The idemfactor is 
and the Hamilton-Cayley equation is 
(v — (WY? — = 0, 
and if m; = + m, the equation is 
— + mle) = 0. 
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From (32) we see that the complex 2-vectors 
aris + bres, aris + 


are left invariant for all values of aand b. The only planes belonging 
to this system are fis, Te4, 114, 723. If m; = =me we see at once that 
the complex 


+ + erg + dros, 
or ary + + cris + drog 


is left invariant and the planes belonging to this system are the 
invariant planes discussed before. 

Choosing the invariant vectors for the coordinate system in space 
of 2p dimensions and proceed as above we at once arrive at the Hamil- 
ton-Cayley equation 


+ + + = 0 
and if m = =m = =m3...= =m, this equation becomes 
m1, = (), 


The equation which VY = $®¢ satisfies follows in a similar manner. 


III. 


6. Rotations in 4-space. We saw that an infinitesimal rotation 
could be represented by 


(5) r=r+M-rdt. 


If M is a simple plane vector M, say, and if r is perpendicular to M,, 
then since M,-r = 0, the vector r is left absolutely fixed, and therefore 
the plane completely perpendicular to M, is left absolutely fixed. 
Also if r lies in M, it is evident that r’ will likewise lie in M; and there- 
fore M, is left invariant but not point for point. If in this rotation 
we take M, as a unit plane and write (5) in the form 


=r+mM,-rdt 


the constant m, measures the rate of rotation in the plane M;. For 
if r lies in M, 


r—r ar 


dt dt 


ROTATIONS IN HYPERSPACE. 671 


Since r does not change in magnitude as it rotates, the magnitude of 


. divided by ~/r-r will be the rate at which r is turning in the plane 


M That is 


d 


M, being a unit-plane /,-r has the same magnitude as r if r lies in Mj. 


Therefore 
( ) 


= 
which shows that m, measures the rate of rotation in M,. 
If in (5) M is a complex 2-vector it can be resolved into the sum of 
two perpendicular planes and can then be written in the form 


(33) r= rt (mM, + mM2)-r dt 


where M, and Mz: are unit planes. In this case the motion consists 
of a double rotation, one parallel to the simple plane ., and the other 
parallel to the simple plane Mz. The same argument as used above 
will show that m; measures the rate of rotation in M; and mz, the rate 
of rotation in If r lies in then 


r=r+M,-rdt 


and the same argument used above shows that M, is left invariant. 
The same reasoning also shows that M, is left invariant. 

In order to exhibit the whole list of invariants we will represent 
the transformation (33) as a dyadic, choosing the reference system so 
that 


= = mV rer 


M = mbky + mokgs. 
The same argument as used in §2 shows that the dyadic sought is 
(34) = + [mi (hoky — hike) + mol(kaks — = + dt 
and (33) then becomes 
(35) 
If the vector 


9) 

4 

P= al 2 
- 

Ay 
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is left invariant it is evident that r-@ must vanish. That is 
aymyke + asmoks = () 


which requires that all the a’s vanish. However if we require that 
r’ = \ r then we have r-® = dr which leads to the solutions 


a(ky + tke), b(k3 = 
Using these values for r we have 


ry) = (hy + the) -W = ky + the + imi(tky + the) dt 


d 

or = + tke). 
ro! = (hy ike) = ky + tho a (hy the) dt 
amy (hy tke). 

Likewise for the other two we have 

d 
= ime(ks + tks), 


Thus the points on hk; + ike and k3 + tks progress by the factors 2m, 
and ime while the point on k; — tk. and k3 — tks progress by the factors 
— im, and — ime. 

If m, = mz it is easily seen that any vector of the pencils 


(key + tke) + (ks + ths), (hi — the) + — tha) 


is left invariant. These vectors lie in a plane in which every vector 
is a minimal vector. That is they lie in a plane which contains a 
generator of the imaginary sphere at infinity. Any plane cutting 
these two planes in a 1-vector will be left invariant since it will contain 
two invariant vectors. If m; = —me, the invariant pencils are 


(ky tke) A(ks tks), (hy th) ulks ik,). 


Each of these pencils lies in a plane cutting the imaginary sphere at 
infinity in a generator and any plane cutting each of these planes in a 
vector will be left invariant. We will however discuss these planes 
from a different point of view. 


| 
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The dyadic VY can be expressed in terms of plane coordinates by 
means of the double product. 


(36) Wo = = + + = shih + [edt 
I, + 


and the rotation is then expressed by the formula 
C’ = (Io + 
If we write M = myhy + mokss 


= mi(koky — kik) + — 
= my (koghi3 — ++ — + — 
+ — 
If the complex 2-vector 
= 
is left invariant, that is if C-V = C 


= — + — Coskis) + 
— + — ) = 0. 


From which we get 
(37) myCis = —MoC24, = = M2023, — = 
If m; # +m, these equations are satisfied only when 


C13 = Cog = Cig = Cog = O. 


‘Thus any complex of the linear pencil 


+ 


is left invariant. The only simple planes belonging to this pencil are 
ky> and kzs. Hence these are the only planes whose magnitude and 
position are left invariant by the rotation. 

If m; = me equations (37) can evidently be satisfied if c13 = +24, 
C14 = C33. In this case the complex 


C = + = ka) + + hos) + 


is left invariant for all values of the coefficients. The planes of this 
system of complexes are determined by the relation 


CxC = + C147) 


‘ 
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which, if we put cy» = 1, gives for the invariant planes 
(38) P=ky + + ks) + + hog) (c13" + C14" 


Therefore, If the rates of rotation in the planes M, and M2 are different 
the only planes left invariant by (33) are My and Me but if the rates of 
rotation in the two planes are the same or differ only in sign then a two 
parameter family of planes which belongs to a three parameter linear 
system of complexes is left invariant.'* 

The planes of the system (38) all cut the planes 


(hig haz) + os), (his — hos). 


These are the planes mentioned above. 

We saw that in case my= +m, the complex M can be resolved in 
co? different ways into the sum of two completely perpendicular planes. 
The pairs of planes belong to the set (38). The transformation (34) 
can then be represented in ©? different ways as the sum of rotations 
parallel to pairs of completely perpendicular planes. The rates of 
rotation parallel to both planes of a pair are the same but different 
for different pairs. | 

The above set of invariant planes were found under the condition 
that their magnitude be left unchanged. We might however have 


12 In the article referred to in note 2 Cole states the theorem ‘‘ Every rota- 
tion in a four dimensional space for which 38 ~ 0. (The condition here would be 
that neither m; nor m2 is zero) can be reduced to a succession of two simple 
rotations whose fixed planes are absolutely perpendicular to each other. 
This decomposition can be effected in only one way.’ From the above 
theorem it is evident that this statement is inaccurate. He discussed finite 
rotations and writes the equations of the rotation 

z’ =xcosé—ysind, y’ = xsinéd + ycosé 

=zcosg—wsing, w = 2’sing + w’cos¢. 
He states that the invariant planes of this rotation are the ry- and zw-planes. 
This is true of 6 ~ ¢. But if 6 = ¢ any line passing through 0 and lying in 
the planes x + iy = 0, z + iw = 0 is left invariant also any line passing 
through 0 and lying in the plane x — iy = 0, 2 — ww = 0 is left invariant. 
Hence any plane containing two of these invariant lines will be kept invariant. 
There is a two parameter family of these planes which are real and therefore 
co? real planes are left invariant. If @ = —¢then every line passing through 
0 and lying in one of the planes x + iy = 0, 2 —w = 0 or x —iy = 0, 
z+iw = 0 is left invariant and all the planes passing through 0 and cutting 
each of these planes in a line is left invariant. In the first case it is easy to 
see that the plane x = z, y = w is left invariant and in the second case x = aw, 
y = zis left invariant. The error in Cole’s work arose from the fact that in 
determining the coordinates of the invariant planes he failed to take into 
account that it was possible for all thé denominators of his expressions to 
vanish simultaneously. 


> 
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planes changed by the rotation into multiples of themselves. In 
this case 


C = AC 
which leads to the relations 


— MoC24 = 
— 1M C23 — Moeli4 = ACj3, 
— MeC23 = ACo4, 
7024 + M213 = 4. 


Four values of \ render this system consistent and the corresponding 
invariant planes are 


(hes + ky) + kos), — hog). 


No real plane satisfies this condition. 


7. Rotations in any even space. Equation (5) is a rotation in 
a space of 2p dimensions if we consider M as a complex lying in that 
space. As before the dyadic representing the rotation, if we write M 
in terms of p mutually completely perpendicular unit planes which 
for convenience we will take as coordinate planes, is 


ke 


I,+ dt. 
The same transformation expressed in plane coordinates is 


dt. 


I,+ 
where I, = kjk; 
I, => Lk iki; 


The same argument used in the preceding section will show that the 
p mutually perpendicular planes into which J is resolved are all left 
invariant. If the m’s are all distinct these are all the invariant planes, 
but if n of them are equal there are ©*”"~” invariant planes and 
the rotation can be resolved in an infinite number of ways into rota- 
tions parallel to p mutually perpendicular planes. 


4 
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IV. 


8. Surfaces in 4-space left invariant by all the rotations 
having the same two fixed planes. All the rotations represented 
by the equation 


(39) f=r+ M-rdt = r+ (mM, + mM2)-r dt 


where and are unit planes and and are allowed to vary 
form a group since each transformation of the set leaves W; and M2 
invariant and consequently the product of two of them will leave these 
planes invariant also. The direction which a point will move by 
(39) with fixed values for m; and mz is 


d 
(40) = (mM, + mM.)-r = M-r. 


If m; and mz are allowed to vary it is seen at once that all the directions 
which a given point can take lie in a plane since they are linear func- 
tions of the two vectors 1/,-r and M2-r. It is seen also from this 
equation that the ratio m: mz is all that need be considered since their 


dr 
actual values are necessary for determining the magnitude of ry and 


not its direction. If we give m, and me definite values (40) will be 
the differential equation of the path curve described by the end of the 
vector r by this particular rotation. The unit tangent to this curve is 


dr dt 
M-r 
Since the magnitude of r is unity we have 
dr dr (zy 
] = (M-r)-(M-r) ds 


dt \2 
r)? + r)?| (=) 


Hence 


ds \* 
(41) = m(M,-r)? + me?(Me-r)?. 


As the transformation is a rotation r is a vector of constant length 
and also the projections on the fixed planes .M, and M, are also the 


. 
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same for all positions which r can take by the rotation. Then (J/;-r)- 

(M,-r) is constant and equal to the square of the projection of r on 

the fixed plane M,. Likewise (Mz-r)-(Me2-r) is equal to the square 

of the projection of r on the plane M2. It follows at once then that 

ds is a constant since the expression in the bracket in (41) is constant. 
The curvature of the path curve is 


ds ds ds M-(M-r) ds 

(42) 
[m 2M, - (M,-r) + (Mz-r)] 


The vectors M,-(M/,-r) and M2-(M2-r) are the projections of r on the 
fixed planes M, and Mz respectively and therefore constant in length. 
Hence: The path curves are curves of constant scalar curvature. 

The unit vector in the direction of the curvature C is 


The vectors7 and ¢ are unit vectors and perpendicular to each other 
Hence7 X ¢ will be the unit osculating plane to the path curve. The 


first torsion of the path curve is the rate of change of this plane with 
respect to the arc. 


d dr de de 
T = (rxc) = 


Since = cV([M-(M-r)? the product xe = 0. Substituting the 


values above we have 


= 


VC-C 
= (mM, + 
1 
(=) 
+ (M2-r)] Is) 
But since M,-(M,-r) is the projection of r on M,, M,-(M,-(M,-r)| 


is a vector in M, perpendicular to this projection and consequently is 
equal to M,-r. Similarly for the second term. Then 


T = mymo(me? — (M,-r)x(Me-r) 


‘ 
4 
i 
td 
4 
+ 
4 
$ 
5 
: 
> 
. 
. 
} 
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But since WM,-r and M.-r are vectors of constant length and lie in 
perpendicular planes their cross product has constant magnitude. 
Therefore the scalar first torsion of the path curves 1s constant. 

From the above expression for 7 we see that if mj = 0 or m: = 0 
or = the torsion vanishes, that is the plane rxc is independent 
of the point on the curve. Therefore in the group of infinitesimal 
transformations which leave the same pair of perpendicular planes My 
and Me invariant there are four transformations whose path curves are 
plane curves. If m, = 0 the motion reduces to a rotation parallel to 
the plane V2 and the path curve is the circle whose plane is parallel 
to M, and whose center is on My. Likewise if m2 = 0 the path curve 
is a circle in a plane parallel to Ws: and whose center lies in My. If 
m, = = m, equation (42) becomes 


2 
C = + Me-(Me-r)] 


But since .W,-(.M,-r) and M2: (Me-r) are the projections of the vector 
ron the planes 3/, and M2 respectively and these planes are perpendicu- 
lar the expression in the brackets is evidently equal to r._ Hence in 


this case 
dt\2 


From (41) we see that in this case 


Then 


and hence 


That is the scalar of the curvature of the path curve is the reciprocal 
of the length of r. Then in this case the path curves are circles with 
center at the origin. The plane of the circle is rx(M,-r + Me-r). 
This plane changes only in magnitude if we change the length of r. 
Hence the plane is left invariant by the transformation dr = m(M; + 
M.)-rdt. That is through each point in space passes one plane left 
invariant by this transformation. From (39) the directions of the 


« 
. 
ds \? 
2 
= me(rer 
d 
t 
C 
r . r 
C-C= 
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path curves through a point, given by the transformations for which 
m, = 0, me = 0, m1 = me, = — mM. form a harmonic pencil. 

From (42) we see that if r is held fixed and m; and m: are allowed to 
vary the end of the curvature vector traces out the line joining the 

(Mr)? (Mer)? 
real values of m; and m2 the only points obtained are those on the 


and it is seen that for 


ends of the vectors 


2 
segment joining the ends of these two vectors and that the ratios = 
Mes 


and — — give the same point. Hence each point of the segment is 
Me 
counted twice. We will call this the curvature segment. Two direc- 
/ 
tions = (mM, + mM2)-r and = (m,'M, + mo’M2)-r are per- 


pendicular if they satisfy the relation. 


= 0 = (mMyer + mM (mi! Myer + me’ Mo-r) 
dt dt | 
= + meme! (Me-r). 
Hence 
(Mi-r)? m 
my’ (Ms-r)? me, 


Two perpendicular directions are then mM,-r + mMo-r and 
+ The curvature for these two 
directions is 
dt \ 2 
[m2?[ (M2: (Ma: r) PM (Mier ) 
dt 
+ 


Cy 


C2 


1)? + m?(Mo-r)? 


1 


it dt\ , 
Substituting these values of (=) and (5), in the expressions for ¢ 


. 
4 
: 
$ 
; 
« 
j 
3 
4 
9 
; 
| 
t 
‘ 
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and we have 
| + Cp = (Mer)? = 


That is the sum of the curvature vectors for two perpendicular direc- 
tions through the point is independent of the pair of directions taken 
and is equal to the sum of the curvatures of the path curves of the 
M;- (M,-r) ond (M.-r) 

(M,-r)? (M.-r)? 
the curvatures in these two directions. It is also to be noted that 
the directions for which the curvatures are the same are harmonically 
separated by the directions m; = 0, m: = 0. The directions which 
have curvature equal to h are perpendicular to each other and hence 
bisect the angle between m; = 0 and m: = 0. 

Since the length of the radius of curvature is the reciprocal of the 
scalar curvature and its direction coincides with C the locus of the 
centers of curvature is the inverse of the curvature segment with 
respect to the unit circle with center at the extremity of r. Hence; 
The locus of the centers of curvature of all the path curves of this group 
which pass through a given point is a circle of which the diameter is the 
line joining the origin to the point in question. For real directions 
through the point the centers of curvature lie on a quadrant of this circle. 
From this it is evident that the curves with minimum curvature are 
in the directions m, = m2 and m, = —m, and hence for these direc- 
tions the curvature is perpendicular to the curvature segment. This 
can be seen also directly from (42). For the curvature of these 
curves being in the direction of r and the curvature segment being 
M,-(My-r) 


rotations m, = 0 and m = 0 since 


M;:- (M,-r) M2: (M.-r) 
(M,-r)? (Mz-r)? 


Since M,-(M,-r) is the projection of r on M/,; and has the same length 
as M,-r the product r-[M,-(M,-r)| is then the length of the projec- 
tion of r on M, multiplied by the length of r. Hence the first term of 
the product reduces to unity and likewise for the second term and 
hence the whole product vanishes. 

The curvature vectors of the path curves lie in a plane determined 
by and Mz:(Me:r). But M,-r is a vector in M, perpen- 
dicular to r and J/,-(4M/,-r) is the projection of r on M, hence these 


. 
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two vectors are perpendicular to each other. The vector M/,-r is 
perpendicular to Mz2-(J2-r) since they lie in completely perpendicular 
planes. Therefore ./;-r is perpendicular to the plane of the curvature 
vector. Similarly /,-r is also perpendicular to this plane. Hence, 
The path curves of a given point by the transformations of the group of 
rotations which leave the same two completely perpendicular planes 
fixed are all tangent to a plane A, and have constant curvature and torsion. 
The ends of the curvature vectors lie on a line cutting the two fixed planes. 
The plane in which these curvature vectors lie is perpendicular to the 
plane A. There are four of the path curves which are circles. The 
tangents to two of these are perpendicular to each other and the tangents 
to the four form a harmonic pencil. The centers of curvature le on a 
circle whose diameter is the line joining 0 to the given point. The centers 
of curvature of the real curves lie on one quadrant of this circle. 

As the vector r is rotated by (39) the plane A will envelope a surface 
which will be left invariant by every transformation of the group. 
To obtain the equations of this surface we will integrate the vector 
differential equation (39). Let 


ayhy + + asks + 


hyo, Mz = 


M, 
Then (39) becomes 


+ kedke + + = + ; (ayhy + 
+ + 


= — + — 


which is equivalent to the set of differential equations 


dt 142) dt 1“ 

Mot — Mot: 

dt 4s dt 3- 
Dividing and integrating we obtain for the first integrals 


The constants a and 6b are so determined that the curve will pass 
through the initial point. These then are the equations of the surface 
left invariant by each transformation of the group. The planes A are 
the tangent planes to the surface and the normal planes are those in 
which the curvature vectors lie. These normal planes all pass through 


3 
4 
i 
4 
— 
i 
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the origin, that is through the point of intersection of the fixed planes. 
The curvature of a geodesic always lies in the normal plane to the 
surface from which we can conclude that the path curves are geodesics 
of the surface (43). We will however show this directly. The para- 
metric equations of the surface are 


%1=a COSU, asin u, 
(44) 
= beosv, x, = bsinv. 


Then 
ds? = a’du? + 


This shows that the surface is developable.'* The geodesics are then the — 
lines given by the relation 


v= Aut+B 
which substituted in the differential equations of the path curves we 
find they are satisfied provided A = Hence the path curves 
my 


are the geodesics. Through each point of the surface passes four 
geodesics which are circles. The planes of two of them are completely 
perpendicular being parallel respectively to the two fixed planes. 
The other two circular geodesics make equal angles with the two 
preceding, and have their centers at the origin. Their planes con- 
sequently intersect in a line, that is, lie in a 3-space. The surface 
can be generated by rotating any one of the path curves by any 
transformation of the group. ‘Therefore it can be generated by moving 
a circle of fixed radius and plane parallel to the 234-plane with center 
in the 2:%-plane so that it always cuts a fixed circle lying in a plane 
parallel to the 2;a-plane. It can also be generated by a circle of 
radius ~/q2 + }2 with center at 0 which always cuts a fixed circle of 
radius ~/g2 + 42 and center at 0. The plane of the variable circle 
is inclined at a fixed angle to the plane of the fixed circle. 

Equations (43) show that the surface is of order four. Therefore a 
3-space which cuts it in a circle must cut it again in a curve of order 
two. Consider first a 3-space which contains one of the circles with 
center at 0. This will also contain a second one of these circles since 
they lie by twos in all the 3-spaces containing one of them. If then 
we pass a sphere through one of these circles for which it is a great 
circle, it will contain a second one of them which will also be a great 
circle. Hence such a sphere is tangent to the surface at two diametri- 
cally opposite points. 


13 See Levi, loc. cit. 
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The plane of one of these circles is obtained by letting »v = u + 0 
in equations (44). The equation of this path curve then becomes 


= acos u, %=asinu 


(45) 23 = bcos (u+ 6), x4 = bsin (u+ 4) 


and the plane of the curve becomes 


b 
x3 = — cos 62, — sin 02x, 
a a 


(46) 


%%= : cos 6 x + sin 62. 
a a 


Varying 6 we obtain all circles which form one generation of the sur- 
face. These circles have no point incommon. The second generation 
can be obtained by putting y= —u-+é6@. The equations of these 
circles then is 


asin u 


b sin (— u +8). 


= acos U, Xe 
x3 = beos(— u + 8), x 


(47) 


The circles of (47) do not intersect each other but each one of (47) 

intersects each one of (45) in two diametrically opposite points. 

. If these 
2 2 

circles are used as parameter curves the equation of the surface 

becomes 


The points of intersection are vu = 


acos(u+?), a=asin(u+r), 
beos(u—v), x= bsin (u — 2). 


U3 


From (46) we see that the locus of the planes of these circles is 


a? age + 


az 


In fact this quadric cone contains both sets of planes. 
The planes of the other two generations of circles lie on the cylinders 


x? => a’, x3" re = 


The planes on one of these cylinders are parallel to each other and 
consequently two of them determine a 3-space, that is, the 3-space 
which passes through one of these planes will contain another of the 
same cylinder. Then in this second double generation of circles, 
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circles of the-same generation intersect in two points while those of 
opposite generations intersect in one point. Equations (47) show 
that the surface is also a translation surface. 

Wilson and Moore ** discussed the locus of the end of the normal 
curvature vector (the indicatrix) of curves passing through a given 
point of a surface and found that in general it is a conic. But when 
this indicatrix becomes a linear segment the surface has some proper- 
ties of surface in 3-space. On‘such a surface lines of curvature can 
be defined as in 3-space and will be orthogonal. If we define lines of 
curvature as lines of maximum or minimum normal curvature we find 
in general there are four directions through each point but in 3-space 
these four directions divide into two sets of two, one the asymptotic 
lines and the other the lines of curvature. For surfaces whose indi- 
catrix reduces to a linear segment not passing through the surface 
point in question these four directions of maximum and minimum 
radii of curvature again factor into two sets; one giving the curves 
called by Segre characteristics and the other giving lines analogous 
to lines of curvature in 3-dimensions. For the surface here consid- 
ered all four sets of these curves are circles. 

We saw that the curvature segment or indicatrix cut the planes 
M, and M, in the ends of the projection of r on these planes. Then 
as r is rotated the curvature segment will cut the circles generated by 
these projections. Hence the locus of the curvature segment will be 
the congruence of lines cutting two given circle. Also the mean 
curvature defined by the curvatures of two orthogonal directions. 


2h Co 


is the vector from the surface point to the middle of the curvature 
segment. Then the locus of the end of the mean curvature vector 


will be the surface 
a2 


which is a surface like (43). 

We have here considered general positions of the vector r but an 
interesting case arises when r is so located that its projection on M, 


xy? + x" 


+ 


- 14 on geometry of two-surfaces in hyperspace. These Proceedings, 
191 
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is equal in length to its projection on M>. On the surface generated 
by the path curves of the group the circles for which m, = m: and 
m, = — Mm: are orthogonal. Hence the directions of the circular © 
sections form two orthogonal pairs. The center of mean curvature 
bisects the curvature segment. 

Rotations in 5-space give nothing new since the path curves will lie 
in the 4-space perpendicular to the fixed axis of the rotation and pass- 
ing through the given point. 


9. Rotations in 6-space leaving the same three mutually 
perpendicular planes, invariant. We will next consider the case 
of 6-space in detail before generalizing. Evidently these transfor- 
mations form a group. The directions which a point can move by 
the various transformations of the group form a 3-space. These 
directions are defined by 


d | dt 
(48) (71M, + + msM;)-— 

ds ds 
7 is then a unit vector tangent to the curve given by a particular set of 
values of m, m2, m3. Squaring (48) we get 


(49) my? (.My- 1)? + me?(Me-r)? + 


which is constant for given values of m, m2, m3 since (M,-r), (M2-r), 
(M3-r) are of constant length. The curvature of the path curves is 


+ me?(Me-r)? + 


This shows that the end of the curvature vectors lie in a plane deter- 
mined by the projections of r on the three planes Mi, Mo, M3. We 
see that for real values of mi, me, ms that is for real directions through 
the given point, the points lie inside this triangle, which we will call 
the curvature triangle. To each point in the curvature triangle 
corresponds four sets of values of m, m2, m3, that is, four curves 
through the point. Each of these curves have the same curvature. 


(50) C 


dr’ 
ds 
dr dr’ 1)? ++ mgme!(Me-r)? + 
ds ds My-r)? + + 

V + + 


The angle between two directions and — is given by the formula 


(51) 
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The condition that the two directions be orthogonal is 
(52) + mem2!(M2-r)? + + 0. 


This defines a plane of directions perpendicular to 


From (48) we see that a linear relation among the m’s gives a plane 
of directions through the point and from (50) we see that the end of 
the curvature vector will describe a conic in the curvature triangle 


M,-(My-r) Me-(Me:r) Ms3-(M3-r) 


(Myr)? (Mer)??? (Mg-r)? since 


determined by the points, 


the substitution of (52) in (50) gives a quadratic relation in m, m2, m3. 
To simplify the work let 


M,-(M;,-r) Mo: Ms: (Ms-r) = 


(M,-r)? (Mz-r)? (Ms3-r)? 
m,?(M,-r)? = d, = m3"(.M3-r)?= y? 


Then (50) takes the form 


Ma + wy + v2 


Then a linear relation 
(54) arX+b+ea=0 


is equivalent to saying that the direction X, uw, v is perpendicular to 
the direction defined by 
a b c 


Viale’ Valen? Valery 


(55) 


From (53) and (54) the curvature of the directions perpendicular to 
(55) is 
2 2 2 
(56) + (ad + by)?z 
CON? + yw?) + (ad + by)? 


This is a conic and as seen before it must lie inside the triangle de- 
termined by z, y, z and must therefore be an ellipse. The sides of 
the triangle are 


. Wat _ v2 _ wy 
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The intersection of the conic (56) with 7; is given by aA + bu = O 
and hence the conic is tangent to 7}. The same argument shows that 
it is also tangent to r. and rs. Hence: The locus of the ends of the 
curvature vectors of curves perpendicular to a given direction is a conic 
tangent to the three sides of the triangle determined by the vectors x, y, 2. 

The center of the conic (56) can be determined from the middle of 
the segment into which the conic projects on the 2-, y- and 2-axes. 
One end of each segment is at the origin. The projection on OX is 


+ + (ad + 


The value of . which makes the denominator a minimum will make r 


a maximum. Similarly we can determine the projection of the 
ellipse on OY and OZ. Hence the center of the ellipse is the end of 
the vector 
t+ (e+ h)z 
2(a? + B + 


The point of the curvature triangle corresponding to the direction 


a/V (M,-r)?, b/V (Me:r)?, (Mg-r)? is 


_ by + cz 


From which we have 


2a _ 
3 3 


The right side of this last equation is the median center of the cur va- 
ture triangle. Hence the center of the curvature triangle is a point 
of trisection of the line joining the center of the conic to the point of 
the triangle corresponding to the direction a/V (M,-r)?, b/V (M2-r)?, 
c/+/(M3-r)?._ It can be shown that two perpendicular directions 
among those satisfied by (54) correspond to points at opposite ends 
of a diameter of the conic (56). Hence the points of the curvature 
triangle which correspond to three mutually perpendicular directions 
through the point form a triangle whose median center coincides with 
the median center of the curvature triangle. The points of the conic 
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will correspond to four different planes of directions through the point. 
These are given by the linear relations 


ar. + bu +c = 0, 
ar + bu — cv = 0, 
av — bu +o = 

arn — bu — cv = 0. 


By substituting these four relations in (53) it is seen that we obtain 
the same conic. The same point in the curvature triangle correspond 
to the perpendicular direction for each relation. If m; = 0 or m: = 0 
or m3 = 0, the corresponding points in the triangle are on the sides of 
it. The rotations in this case are of the four dimensional type previ- 
ously discussed. 

The unit osculating plane ji is again the cross product of the unit 
tangent and the unit curvature. The unit curvature is 


The rate of change of the osculating plane (rxc) with respect to the 
arc is again the first torsion. 


C= 


= (mMy-r + moMe-r + ; 
pa. 


M ;-(M;-r) is the projection of ron M; and is a vector 
of equal length in M; and perpendicular to M ;:(M/;-r) and is there- 
fore equal to (M;-r). Hence we can write for the torsion 


— m2?) (Mi-r)x(Me-r) + mym3(mi? — 


I 


For given values of mm, m2, m3 the magnitude of this vector is constant. 
The path curves are then curves for which the rate of change of the 
unit osculating plane with respect to the arc is a vector of constant 
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magnitude. The vector 7 will vanish if m; = m;=0, 7#jJ or 
= 0, mj =m or if m = =m = =m. The first 
case gives the transformations which leave two of the planes absolutely 
fixed and the path curves are circles whose center is the projection of 
the end of r on the absolutely fixed 4-space determined by the two 
absolutely fixed planes. The second correspond to the rotations 
leaving one of the planes absolutely fixed and the path curves are 
circles with center on the fixed plane and radius equal to the length 
of the perpendicular dropped from the end of r to the fixed plane. 
The curvature of the path curves for the last case is 


Mi-(Mi-r) + Me-(Me-r) + (Mor) _ 


(M,-r)? + (M2-r)? + (M;3-r)? 


r r 


(Mi-r)? + + (M;-r)? rr 


since M ;-(M;-r) is the projection of r on M; and the sum of the pro- 


jections of r on three mutually perpendicular planes is equal to r. 
Also from the definition of the dot product it is evident that the 
magnitudes of M;-r and M;-(M;-r) are equal. Hence these curves 
have curvature directed through the origin and are circles with center 
at the origin. The point on the curvature triangle corresponding to 
the direction of the tangents to these circles is the end of the vector 


My-(Mi-r) + Me: (Me-r) + (M3-r) 
(M,-r)? + (M2:r)? (M3-r)* 


This vector is perpendicular to the plane of the curvature triangle. 
For two sides of the triangle are 


Mi-(Mi-r) Me-(Me-r) Mi-(Mi-r) Ms-(Ms-7) 
(M,-r)? (Mo-r)? (My-r)? (Mz-r)? 


and it is seen at once that the dot product of C with either of these 
vectors vanishes and hence C is perpendicular to the plane determined 
by these two vectors. The four directions m = =m = =m; 
correspond to the same point in the curvature triangle viz. the foot 
of the perpendicular dropped from the end of r on the plane of this 
triangle. These circles are then the path curves of minimum curva- 
ture. The radius of curvature being the reciprocal of the curvature; 
The locus of the centers of curvature of all path curves which pass through 
a given point is the inverse of the curvature triangle with respect to a 
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unit sphere with center at the point in question and therefore is a sphere 
with r for a diameter. The centers of curvature of the real curves lie on 
an octant of this sphere. In four dimensions we found that the path 
curves corresponding to the center of the curvature segment were 
orthogonal but here the path curves corresponding to the median 
center of the curvature triangle do not have this property. 

We saw that the locus of the end of the curvature vector for direc- 
tions through a given point which satisfy a linear relation, that is 
curves tangent to the same plane, was a conic. This conic may 
degenerate into the sides of the curvature triangle counted twice. 
The directions corresponding to the points of one of these segments 
are all perpendicular to the direction corresponding to the opposite 
vertex. Toa general point in the curvature triangle correspond four 
directions through the point but to a general point on one of the sides 
correspond two directions through the point and to a vertex of the 


triangle corresponds just one direction. A line in the plane of the. 


curvature triangle is defined by the linear relation Zaym,? = 0, and 
this substituted in (48) shows that the corresponding directions 
through the point generate a quadric cone. In particular if one of the 
coefficients, a; say, is zero and the other two have opposite signs then 
the quadratic relation factors into two linear relations, each of which 
corresponds to a plane of directions through the point. From which 
we see that a linear relation involving only two of the m’s gives a 
plane of directions whose curvature segment passes through a vertex 
of the curvature triangle. Two perpendicular directions correspond 
to the ends of the segment and from the fundamental configuration 
for the curvature of three mutually perpendicular directions it is at 
once seen that the curvature of the path curve perpendicular to this 
plane of directions will cut a side of the curvature triangle. The 
configuration can be shown by a simple figure. Let ABC be the 
curvature triangle, AD is the curvature segment corresponding to a 
plane of directions through the point depending on but two of the m’s. 
Let H be the median center of the curvature triangle and G the middle 
of the curvature segment. The point corresponding to the direction 
perpendicular to the given plane i.e. to the directions corresponding 
to the segment AD must be such that the center of the triangle ADF 
is H. Itis at once evident that F must be on BC and such that DE = 
EF. This together with a. = 0 or a3 = 0 are the only cases in which 
Lam, = 0 can be factored into two linear relations. If D coincides 
with E, G will coincide with H. 

A line which does not pass through a vertex of ABC will contain an 
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infinite number of point pairs corresponding to perpendicular direc- 
tions. For, any point on the line can be taken as the center of a 
curvature ellipse which touches the three sides of ABC. The two 
points in which these ellipses cut the line correspond to perpendicular 
directions. The points corresponding to the directions perpendicular 
to these pairs will all lie on a line parallel to the given line. 

Proceeding as in 4-space the differential equations of the path 
curves are found to be 


— = — mez _ 

dt 129 dt di 63 be 
The path curves will then all lie in the variety V3° of order 8 

(59) ae +a? = 272% +22 = 23 + = 


where a, b, c are determined so that the curves all pass through the 
given point. If m; = +m; the resulting path curves will lie in a 
4-space but if m; = km; (k # +1) this is not the case. If m = 
=m. = =ms3 the resulting path curves are plane curves. The 
argument is the same as that given in 4-space. 

The parametric equations of V’;° are 


= aCOSU, % = U, 
v3 = bcosv, = bsin», 
= CCOSW, = Csin w. 


The element of arc is 


(60) ds? = a®du? + b'dv? + edu? 


The variety can therefore be developed on a plane 3-space. The 
path curves have curvature lying in the normal 3-space (the 3-space 
determined by the surface point and the curvature triangle) and are 
therefore geodesics. That they are geodesics can be shown directly 
from the above equations as was done for rotations in 4-space. A 
linear relation among the m’s will give a surface which is left invariant 
by a one parameter family of rotations. This is then a geodesic 
surface of the variety V38. Furthermore the normal 4-space to this 
surface must contain the normal 3-space to V;° and the ends of the 
curvature vectors of the pencil of geodesics passing through a given 
point will trace out a conic lying in the curvature triangle and since 
this lies in the normal to the surface these path curves must be geodes- 
ics on the surface K. A linear relation in the m’s means a linear 
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relation in u, v, w. This substituted in (60) shows that the surface K 
is also developable. This surface differs from that studied in 4-space 
since for this one the indicatrix is a true ellipse and not a linear seg- 
ment counted twice. The plane of the indicatrix does not pass through 
the surface point. In particular the linear relation m; = 0 will lead 
to a geodesic surface all of whose geodesics are curves lying in a 4-space. 
This will cut K in a geodesic. Hence passing through each point of 
K pass three geodesics which lie in a 4-space. 

For each point on V’;° there is a curvature triangle. The locus of 
these triangles consists of the planes cutting three fixed circles, one 
lying in each of the planes M,, Ms, Ms. 

We have found plane curves (circle) and curves lying in a 4-space 
which are left invariant, that is, path curves. It is evident that if a 
space curve is left invariant the space in which it lies must be left 
invariant. We saw that no 3-spaces were left invariant hence there 
are no 3-space path curves. Also we saw that the only 4-spaces left 
invariant were M\xMo, M\xM3, MxM; hence the 4-space path curves 
mentioned above are the only ones that exist. 


10. Rotations in space of 2p dimensions which leave the 
same set of p mutually perpendicular planes invariant. Hav- 
ing considered the case of four and six dimensions we can now easily 
generalize the results for space of 2p dimensions. Let the rotation 
be expressed in terms of the unit invariant planes 


(61) r= 
1 
or T= = 


The ~?” transformations obtained if m; vary, form a group and the 
different directions which a point can take by the various transforma- 
tions of the group lie in a linear p-space. The curvature of the path 
curves at the point P is given by the formula 


(62) C= 


For given values of m; the length of this vector curvature is seen to be 
independent of the position which r can take by the given rotation. 
That is the path curves are curves of constant curvature. These 
curvature vectors generate a p-space which is completely perpendicular 
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to the p-space generated by the tangents to the curves at the point 
in question. If any of the m’s vanish the resulting rotation is equiva- 
lent to a rotation in a space of lower dimensions and therefore we shall 
assume that none of the m’s vanish. 

Equation (62) shows that, for real values of m,, the end of the curva- 
ture vector will lie inside a p-point A, called the curvature p-point 
determined by the p points in which the extremity of the vector r 
projects on the p planes M;. Each point of A will correspond to 
2”-1 directions through P. The points in A which correspond to p 
mutually perpendicular directions through P for a p-point whose 
center of gravity coincides with the center of gravity of d. If a 
linear relation La;m; = O exists among the m’s (62) shows that the 
end of the corresponding curvature vectors will lie on a closed quadric 
in p-1 dimensions which touches the faces of A. The foot of the 
perpendicular dropped from the point P on the space in which A 
lies corresponds to the directions on the surface satisfying the rela- 
tions 


(63) m = =m = =m =....= =Mp 


These curves then, 2”! in number, are curves of minimum curvature. 
The first torsion of the path curves is given by the formula 


3 
T = Imym,(m? — 
ds/ V/C-C 
This formula shows that the curves of zero torsion, excluding those 
corresponding to rotations in a space of less than 2 p dimensions, are 
those which satisfy relations (63). Hence these curves are plane 
curves, that is, circles. It is easy to show that the center of these 
curves is at the origin or at the intersection of the p invariant planes 
M,;. Other path curves are circles but these belong to rotations which 
leave one or more of the invariant planes absolutely fixed, that is, are 
equivalent to rotations in a lower space. 
The differential equations of the path curves are 


day dats das das 
— = Nite, = = = — Meds... . 
dt dt dt dt 


One set of integrals of these equations is 


= 2 2 2 3 = 2 
ay + x = Ay’, + x; = Gy... + = ap 
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and therefore the path curves all lie in a variety V, of order 2”. The 
parameters equations of this variety are 


= Q\COS UW, = 
%3 = Us, X4 = Us, 
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The element of arc then is 


ds? = a;’du;? + +... .a,*du,? 


which shows that V, can be developed on a plane space of p dimen- 
sions. A linear relation among the m’s gives a variety of p-1 dimen- 
sions immersed in V, and it is easily shown that this is also developable. 
The path curves are geodesics on both varieties. 

For each point of V, there is a curvature p-point and these p-points 
all cut p fixed circles, one lying in each of the invariant planes M;. 
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